Tellurium (Te)-doping of self-catalyzed GaAs nanowires (NWs) grown by molecular beam epitaxy is reported. The effect of Te-doping on the morphological and crystal structure of the NWs is investigated by scanning electron microscopy and high-resolution transmission electron microscopy. The study reveals that the lateral growth rate increases and axial growth rate decreases with increasing Te doping level. The changes in the NW morphology can be reverted to some extent by changing the growth temperature. At high doping levels, formation of twinning superlattice is observed alongside with the {111}-facetted sidewalls. Finally, the incorporation of Te is confirmed by Raman spectroscopy. One-dimensional semiconductor nanowires (NWs) have huge potential for future electrical and optoelectrical devices and have therefore attracted significant interest. 1, 2 The electrical and optical properties of the NWs can be tailored by their dimension. Furthermore due to the small interface area between the NWs and the substrate, they are free of constrains of lattice mismatch, which in turn enables integration of III-V compound semiconductors to current Si-technology and new type of bandgap engineering. [3] [4] [5] [6] Typically, NWs are grown via vapor-liquid-solid method, where the NW is grown under Au droplet. 7 However, Au is known to generate deep levels in Si (Ref. 8) and the use of Au should therefore be avoided to ensure compatibility with Si technology. The self-catalyzed NW growth, in which group III metal droplet is used instead of Au, has been introduced as an alternative method for the growth of various III-V NW materials. 9 The self-catalyzed approach is advantageous for large scale manufacturing of NW devices, especially for optoelectronics applications. 10, 11 Most applications require reliable doping of GaAs NWs. For planar GaAs, Si is regularly used as an ntype dopant. However, owing to the pronounced amphoteric nature of Si when incorporated in GaAs NWs, the (110) sidewalls promote Si incorporation into arsenic sites, which results in p-type doping. 12, 13 On the other hand, Te, as a group VI element, is expected to produce solely n-type doping. This has been already demonstrated for Au-catalyzed GaAs NWs.
14, 15 Here, we investigate the influence of Te on the self-catalyzed growth of GaAs NWs by molecular beam epitaxy. The Te atoms are provided by thermal evaporation of GaTe. We study the influence of GaTe flux and growth temperature on the morphology and crystal structure of the NWs. The incorporation of Te dopants into the NWs is confirmed by Raman spectroscopy. Furthermore, we show that periodic twinning superlattices are formed when the NWs are grown under high GaTe flux.
Self-catalyzed GaAs NWs were grown on SI-GaAs (111)B substrates covered with 20 nm of SiO 2 . Prior to the growth, the substrate was dipped into 2.5% HF solution for 6-7 s and rinsed with DI water to generate pinholes, which act as starting points in self-catalyzed NWs. The pre-wetting time, during which only Ga evaporated to substrate without presence of group V, was 60 s. The Ga flux corresponded to a GaAs growth rate of 0.3 lm/h, while the growth time was 1 h and V-III ratio was 8.5. Growth temperature was varied from 600
C to 630 C. The Te doping is provided from stoichiometric GaTe-effuusion cell 16, 17 and the doping level was modified by changing the temperature within the range from 510 C to 625 C. This corresponded to a nominal doping level ranging from 5 Â 10 17 cm À3 to 5 Â 10 19 cm À3 , as determined by Hall-measurement of 2-dimensionally grown Tedoped GaAs(100) layers. An additional sample with undoped NWs was grown as a reference.
Figs. 1(a)-1(c) show scanning electron microscopy (SEM) pictures of undoped NWs, as well as of NWs with nominal doping levels of 5 Â 10 18 cm À3 and 5 Â 10 19 cm À3 , respectively. As the doping level increases, the NWs tend to be shorter and thicker, i.e., the axial growth rate decreases and radial growth rate increases with increasing doping cell temperature [ Fig. 2(a) ]. Similar behavior was observed for Au catalyzed Te-doped GaAs NWs by LaPierre et al.
14 In general, the NW growth dynamics is a very complex process and one should consider impinging molecular flux, growth temperature, V-III ratio along with more subtle effects related to different interfaces between vapour-liquid-solid and their surface energies, concentration of liquid droplet (supersaturation condition), the contact angle, the diffusion of adatoms and reabsorption of desorped atoms, and how these parameters evolve during the growth process. 18, 19 For moderately doped NWs (nominal doping < 1 Â 10 19 cm
À3
), we assume that the change in NW axial growth rate and in diameter are driven largely by high Te concentration in liquid Ga droplet (Te has very high solubility to Ga liquid droplet 20 ), which changes the supersaturation condition of the droplet. On the other hand, the increased number of Te acting as surfactant 21, 22 can influence the growth dynamics by decreasing the diffusion length of Ga adatoms on NW side. For highly doped NWs, the change in the NW shape is shown in the higher magnification image [inset in Fig. 1(c)] ; the shape of the NW tip changes from flat [111] surfaces to pyramidal {111} terminated tips and the sidewalls become "sawtooth"-shaped. Similar NW morphology is described in Ref. 23 and observed for Au catalyzed Si NWs 24 and for twinning superlattices in InP NWs. 25 This change can be attributed to the formation of twinning superlattice, as later on confirmed by transmission electron microscopy (TEM) investigation. The driving force for the twin formation is the distortion of the catalyst droplet due to the evolution of NW cross-section from hexagon to triangle-like as the {111}-facetted segment grows longer. 25 As described also in Ref. 23 , the small change in the growth temperature destabilizes this growth mode-see details shown in Figs. 1(d)-1(f) . The observations summarized in Fig. 2(b) reveal that the diameter of highly doped GaAs NW decreases and the length increases, with the growth temperature; this can be explained by modified supersaturation condition on liquid droplet. Further increasing the GaTe doping cell temperature to reach nominal doping level of 2 Â 10 20 cm À3 was detrimental to NWs growth. In fact, no NWs could be found on a sample grown at 600 C while very short and tapered NWs were obtained by increasing the growth temperature to 620 C. The crystal structure of selected samples was revealed by TEM. Typical selective area diffraction patterns are presented in Fig. 3 . The crystal structure of the undoped NWs was mainly zinc-blende (ZB), which is typically observed for self-catalyzed GaAs NWs. 26, 27 Since the growth parameters were not optimized to control the crystal structure, 27, 28 some imperfections like twinning and wurtzite (WZ) segments appeared (see Fig. 3 ). WZ segments were mainly observed at the top of the NWs and attributed to the consumption of the catalyst droplet during the cooling down. [28] [29] [30] For low and moderately doped samples, the crystal structure remained similar, but with high nominal doping we found twinning zinc-blende superlattices (SL) together with the formation of {111} sidewalls, as shown in the highresolution TEM (HRTEM) micrographs in Figs. 4(a) and 4(b). Similar SL formation has been reported for InAs NWs, 31 Mg-doped GaN NWs, 32 Zn-doped InP NWs, 25 Znand C-doped planar GaAs NWs, 33 and recently for selfcatalyzed GaAs/AlGaAs core-shell NWs. 34 The SLs in the highly doped NWs grown at 620 C are found to be very regular with a period of 10 nm [ Fig. 4(a) ], while irregular SLs with periods ranging from 20 nm to 100 nm are observed in the NWs grown at 600 C [ Fig. 4(b) ]. On the other hand, the change of growth temperature from 600 C to 620 C causes reduction of NW diameter from 210 nm to 160 nm [shown in Fig. 2(b) ]. Such relation between the SL period and NW diameter is consistent with Ref. 25 where the authors report the dependence of SL period and regularity on the NW diameter. The probability of twin formation is proportional to the NW diameter, but also the growth temperature, surface energies, the contact angle, and the supersaturation of liquid droplet should be taken into consideration. 23 Finally, the Te incorporation to GaAs crystal was assessed by Raman spectroscopy by using a 532 nm wavelength laser and a 300 mm spectrometer with a cooled 2D CCD detector. The scattered light was collected from a direction perpendicular to the surface, while the excitation was performed in an approximately 60
angle from the surface normal. The incorporation of dopant atom to NW growth is assumed to take place mainly via liquid droplet due to high solubility of Te to liquid Ga. 20 The Raman spectra, shown in Fig. 5(a) , measured from NWs with different doping, clearly show transversal optical mode (TO) and longitudinal optical mode (LO) peaks. Moreover, even a weak WZ peak around 258 cm À1 was detected for moderate doping levels. Fig. 5(b) illustrates the TO and LO peak intensity dependence on the doping level. Observed reduction in LO intensity for highly doped sample can be attributed to increased free carrier concentration which reduces the width of the surface depletion layer in the NWs. 15 The shape and position of the LO peak also slightly vary with the Tedoping level and a shift and asymmetrical broadening towards lower frequencies are observed. Studied NWs, with diameters ranging from 90 nm to 220 nm depending on the nominal doping level, are far too big for noticeable quantum confinement effects and this behavior is attributed to appearance of a surface phonon 35, 36 and possible effects from longrange dipole-dipole interactions rising from the geometry of the NWs. 37 In conclusion, we have investigated the growth of Te-doped, self-catalyzed GaAs NWs. Incorporation of Te dopants into the GaAs NWs was confirmed by Raman spectroscopy. We observed that the NW diameter increases and the length decreases with increasing GaTe flux. This can be attributed to the higher number of Te-atoms acting also as surfactants and thus changing the growth energetics. The axial growth rate can be partly recovered by increasing the growth temperature. Furthermore, we have shown that twinning SLs accompanied by {111}-facetted sidewalls are formed when the NWs are grown in high GaTe flux. The origin and effect of twinning SL on the optical and electrical properties have to be further studied before Te-doping can be applied for practical use in GaAs-based nanostructures.
To this end, future work should address the influence of additional growth parameters, such V-III ratio and growth rate, on the structure of the Te doped NWs.
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